The effect of 24-epibrassinolide on growth of pigeon pea [Cajanus cajan (L.) Millsp.] under aluminium toxicity was studied. 24-EBL reduced the impact of Al stress on plant growth. Particularly 24-EBL reduced the inhibitory impact of aluminium toxicity on root growth which was further manifested in overall improvement of vegetative growth. Application of 24-epibrassinolide removed the inhibitory influence of Al nodulation. The growth stimulation in Cajanus plants by 24-EBL under Al stress was associated with elevated levels of chlorophylls, nucleic acids and soluble proteins. 24-Epibrassinolide application enhanced proline content in Al 3+ stressed Cajanus plants. Further, the supplementation of 24-epibrassinolide to Al stress treatments increased the activities of antioxidative enzymes viz., catalase [EC 1.11.1.6]; peroxidase [EC 1.11.1.7]; superoxide dismutase [EC 1.15.1.1] and ascorbate peroxidase [EC 1.11.1.11]. Lipid peroxidation induced by Al was found reduced with the supplementation of 24-epibrassinolide. The present studies demonstrated the ameliorating capability of 24-epibrassinolide on the Al induced inhibition of plant growth of C. cajan.
Introduction
Aluminium is the third most abundant element (after oxygen and silicon) in the earth's crust. The prevalence of toxic Al 3+ cations in acidic soils (pH < 5.0) is a major limitation to crop production around the world [1] [2] . OH spray of 24-epibrassinolide was given at 3 concentration levels (0.5, 1.0 and 2.0 µM) separately to plants growing in Al amended soils viz.: 400 mg Al kg soil −1 , 600 mg Al kg soil −1 and 800 mg Al kg soil −1 treatments. Based on the results of dose dependent preliminary experiments, three concentrations of brassinosteroids where significant growth promotion was observed (i.e.; 0.5, 1.0 and 2.0 µm) were selected for the experiments. As the responsiveness of the plants to hormones is more during vegetative growth period, brassinosteroids were applied as foliar spray at 15 days intervals started from 15 DAS to 45 DAS. However EBL was not applied to control and Al +3 alone treatments. The pots were supplied with deionized water on alternate days and care was taken to collect the leached out water and the same was again added to the respective pots. Five replicates (pots) with five plants in each pot were maintained for each treatment. After 60-days, the topmost three fully-expanded leaves of each plant were sampled. Each experiment was carried out at least three times.
Growth Parameters
On 60 th day, the height of the plant was recorded. After recording the height, the pots were flooded with water and the plants were uprooted carefully from pots and dipped in bucket full of water to remove the adhering soil particles, ensuring safety of roots and then the plants were blotted. Root growth parameters (root length/ square area/volume of the root) were recorded with WinRhizo Root Scanner (XL RHIZO 2012a, Regent Instrument Inc Canada). The number of root nodules per plant was counted for individual treatments. Leaf area of the plant was recorded by distructive method employing leaf area meter (CI-203, CID Inc., Vancouver, Washington-USA). The fresh weights of the roots and shoots were determined separately. The plants were then dried in the oven at 110˚C for 24 hours and dry weights were recorded.
The leaf material from different treatments was homogenized in 70% (v/v) ethyl alcohol and the homogenate was stored in deep freezer (−20˚C) for the estimation of soluble proteins and nucleic acids. However, fresh leaf material was employed for the extraction of photosynthetic pigments, free proline, antioxidant enzymes and MDA content.
Chlorophylls
The chlorophyll pigments were extracted from the leaves and estimated adopting the procedure described by Arnon [14] .
Soluble Proteins
Soluble proteins in alcohol homogenate (extract in case of enzyme assay) were precipitated by using 20% (w/v) trichloroacetic acid. The precipitate was dissolved in 5 ml of 1% (w/v) sodium hydroxide and was centrifuged at 4000 rpm for 10 min. The supernatant was used for estimation of proteins [15] .
Free Proline
The amount of proline content was estimated as described by Bates et al. [16] . Plant material (0.5 g) was homogenized with 10 ml of 3% (w/v) sulfosalicylic acid and the homogenate was filtered through whatman No. 2 filter paper. The supernatant was taken for proline estimation. To 2 ml of plant extract, 2 ml of acid ninhydrin reagent and 2 ml of glacial acetic acid were added. The test tubes containing above mixture were heated in a boiling water bath for one hour. The reaction was terminated in an ice bath followed by addition of 4 ml of toluene. The contents were shaken vigorously and then allowed to separate into phases. The chromophase containing upper toluene was carefully taken out with the help of a pipette and the absorbance was taken at 520 nm. The amount of proline present was quantified with the help of proline standard graph.
Nucleic Acids
DNA and RNA fractions in the ethyl alcohol homogenate were separated [17] . DNA was estimated by employing diphenylamine reagent [18] and RNA was quantified by using Orcinol reagent [19] .
Lipid Peroxidation
Lipid peroxidation was determined by estimating the malondialdehyde (MDA) content [20] . Leaf material (1.0 g) was homogenized with 3 ml of 0.5% thiobarbituric acid (TBA) in 20% trichloroacetic acid (v/v). The homogenate was incubated at 95ºC for 30 min and the reaction was stopped in ice. The samples were centrifuged at 10,000 × g for 5 min at 4˚C and the absorbance of the resulting supernatant was recorded at 532 nm and 600 nm. The non-specific absorbance at 600 nm was subtracted from the 532 nm absorbance. The absorbance coefficient of MDA was calculated by using the extinction coefficient of 155 mM −1 •cm −1 .
Antioxidant Enzymes
The plant material (200 mg) was homogenized with sodium phosphate buffer at pH 7.0 for CAT, POD, and APX and at pH 7.8 for SOD activities. The supernatant was used to measure the activity of the enzymes.
Catalase (CAT, E.C.1.11.1.6.) activity was determined following the procedure described by Aebi [21] . The reaction mixture consisted of 50 mM phosphate buffer, 0.1 mM H 2 O 2 and enzyme extract. The rate of H 2 O 2 decomposition at 240 nm was measured spectrophotometrically and calculated using a molar extinction coefficient of 45.2 mM −1 •cm −1 . One unit of catalase activity was assumed as the amount of enzyme that decomposed 1 µmol of H 2 O 2 per mg of soluble protein per minute at 30˚C.
Peroxidase (POD, E.C.1.11.1.7) activity was assayed by employing the procedure of Kar and Mishra [22] . To 0.5 ml of enzyme extract, 2.5 ml of 0.1 M phosphate buffer (pH 7.0), 1.0 ml of 0.01 M pyrogallol and 1.0 ml of 0.005 M H 2 O 2 were added. After incubation, the reaction was stopped by adding 1.0 ml of 2.5 N H 2 SO 4 . The amount of purpurogallin formed was estimated by measuring the absorbance at 420 nm. The enzyme activity was expressed in absorbance units.
Superoxide dismutase (SOD, E.C.1.15.1.1) activity was determined based on inhibition of the photochemical reduction of nitrobluetetrazolium (NBT) [23] . Reaction mixture contained 50 mM sodium phosphate buffer (pH 7.8), 1.5 ml methionine, 1 ml of NBT, 0.75 ml triton-X-100, 2 mM EDTA, 0.1 ml of enzyme extract and 10 µL of riboflavin. The reaction mixture was exposed to 15 watt fluorescent tubes and the decrease in the absorbance of the reaction mixture was read at 560 nm. One unit of activity is the amount of protein required to inhibit 50% initial reduction of NBT under light.
Ascorbate peroxidase (APX, E.C.1.11.1.11) activity was assayed spectrometrically [24] . The reaction mixture contained 50 mM phosphate buffer (pH 7.0), 0.2 mM EDTA, 0.5 mM ascorbic acid, 250 mM H 2 O 2 and enzyme extract. The activity of APX was measured spectrophotometrically by measuring the rate of ascorbate oxidation at 290 nm for 1 min. The amount of ascorbate was calculated from the extinction coefficient of 2.6 mM −1 •cm −1 .
Statistical Analysis
The results presented are mean ± SE of 5 replicates. The data analysis was carried out by one-way analysis of variance (ANOVA) followed by Tukey test of multiple comparisons and p ≤ 0.05 was considered as significant. In tables comparisons of control Vs all treatments and stress control (400 mg Al/600 mg Al/800 mg Al) Vs respective EBL supplementary concentrations is provided.
Results

Plant Growth
Aluminium toxicity significantly reduced the growth of pigeon pea plants ( Table 1 ). The growth retardation was found to be correlated with the levels of Al amendment to the soil. The impact of Al toxicity was more pronounced on root growth ( Table 2 ). There was severe impairment of root growth in plants growing under elevated Al content. However, supplementation 24-EBL remarkably reduced the toxic effect on growth. Stress alleviation by 24-EBL was found to be dose dependent manner. 2 µM supplementation of 24-EBL to Al challenged plants resulted in restoration of growth almost to the levels of plants growing under unstressed condition. Similarly the decline in foliage growth due to Al toxicity, as reflected in reduced leaf area, was found to be minimized due to 24-EBL application ( Table 1) . 24-EBL at 2 µM concentration accounted for maximum restoration in leaf area in plants growing in soils with added aluminium.
Under Al toxicity, the number of nodules per plant was found reduced ( Table 2) . However, 24-EBL feeding resulted in improvement in nodulation in plants growing in aluminium rich soil treatments.
Chlorophylls
Reduction in the content of chlorophyll "a", "b" and total chlorophylls have been observed in the Al 3+ stressed Cajanus plants when compared to control ( Table 3 ). The reduction in pigment levels in pigeon pea plant was 7.4 ± 0.9 6.3 ± 0.8 5.9 ± 0.9 @ 6.3 ± 0.3 *@ 7.1 ± 0.7 *@ 5.8 ± 0.6 6.5 ± 0.5 6.9 ± 0.9 * † 7.2 ± 0.5 found to be dose dependent. At high aluminium levels the pigment contents were very low. Foliar application of 24-epibrassinolide to Al 3+ stressed plants improved the chlorophyll content over the Al 3+ alone treatments. 2 µM concentration of 24-EBL was found to be most effective in restoring the contents of chlorophyll pigments.
Metabolites
The plants grown in aluminium fortified soils exhibited reduced levels of nucleic acids ( Table 4 ). However foliar application of 24-epibrassinolide restored the nucleic acid levels to the levels found in unstressed control plants.
There was a great decline in leaf protein content in Cajanus plants growing under elevated levels of aluminium ( Table 4 ). Exogenous application of 24-epibrassinolide removed the negative impact of aluminium on protein content.
Compared to the control, free proline levels in Al stressed plants significantly increased ( Table 4 ). Due to supplementation of 24-EBL to Al stressed plants, proline levels were further enhanced. The maximum increase in proline levels was observed in 2 µM EBL treated plants growing in high Al content (800 mg Al kg soil −1 ).
Antioxidant Enzyme Activities
Gradual increase in catalase activity in Cajanus plants proportionate to the levels of Al toxicity stress ( Table 5) . Application of 24-EBL resulted in furtherance of catalase activity in dose dependent manner. Plants treated with 2 µM 24-EBL concentration exhibited maximum catalase activity.
The activity of peroxidase enzyme in Cajanus plants was found declined due to Al toxicity stress ( Table 5 ). The decline in the peroxidase under aluminium stress was found negated by 24-epibrassinolide. 2 µM concentrations proved to be more effective in accounting increase in peroxidase activity in all the three levels of added aluminium.
Cajanus plants under Al 3+ toxicity exhibited increase in APX activity when compared with control ( Table 5 ). The increase in APX activity was found to be aluminium dose dependent. 24-EBL supplementation to plants under Al 3+ -stress further enhanced the APX activity at all the three levels of aluminium toxicity stress.
Cajanus plants grown under various levels of Al toxicity showed significant enhancement in the activity of SOD in comparison to unstressed control plants ( Table 5) . 24 -Epibrassinolide supplementation to aluminium plants resulted in furtherance of SOD activity.
MDA Content
Cajanus plants under aluminium toxicity showed higher levels of MDA content indicating lipid peroxidation ( Table 6 ). The accumulation of MDA in cajanus plants was found to be dose dependent. 24-Epibrassinolide ap- The data presented above are Mean ± S.E. (n = 5). Al: Aluminium; EBL = 24-epibrassinolide. * , @ , † and & denotes that the mean values are significantly different from unstressed control, 400 mg Al, 600 mg Al, 800 mg Al controls respectively. The data presented above are Mean ± S.E. (n = 5). Al: Aluminium; EBL = 24-epibrassinolide; * , @ , † and & denotes that the mean values are significantly different from unstressed control, 400 mg Al, 600 mg Al, 800 mg Al controls respectively. plication set aside the toxic effect of aluminium as indicated by lower MDA content reflecting reduced lipid peroxidation ( Table 6 ).
Discussion
Excess Al in the growth medium resulted in substantial reduction in growth as reflected in all the vegetative parameters recorded. Moreover, Al toxicity impact was found to be much more severe on the root growth. It has been suggested that the effect of aluminium is initially in root growth inhibition, resulting in lesser exploration of bulk soil leading to reduced uptake of water and nutrients [25] . 24-EBL feeding to plants growing under Al toxicity stress resulted in alleviation of toxicity impact as reflected in improvement of growth. One of the important observation made in the study is the ameliorative capabilities of 24-EBL on Al induced inhibition of root growth. The improvement of root growth as conferred by brassinosteroids further translated into stimulation of overall growth of plants even under Al toxicity stress.
Nodulation was decreased in pigeon pea plants grown in Al challenged substratum. However, the application of 24-EBL reduced the impact of Al on nodulation. It was reported that Rhizobium multiplication and nodule formation were more susceptible aspect of symbiotic relationship to excess Al [26] . Further it has been demonstrated the positive impact of brassinosteroids on nodulation in Arachis hypogaea [27] . Similarly the beneficial effect of brassinosteroids on nodulation of soybean was also reported [28] . The result of the present study clearly indicated the ameliorative impact of the brassinosteroids on nodulation under aluminium toxicity stress.
In pigeon pea plants, Al toxicity resulted in steep decline in the content of chlorophylls. Metal stress is known to interfere with chlorophyll synthesis and also to induce chlorophyll degradation [29] . The treatment of Cajanus plants with 24-EBL considerably increased the photosynthetic pigments and counteracted the damaging effect of Al +3 stress. Brassinosteroids could prevent loss of photosynthetic pigments, either by activating specific genes responsible for chlorophyll synthesis or by reducing the chlorophyll degradation [30] . BRs significantly increased the levels of photosynthetic pigments in maize under salinity stress [31] , in tomato under Cd stress [32] and in radish under Zn stress [33] .
Al toxicity resulted in lowered nucleic acid levels in Cajanus plants. However supplementation of 24-EBL to Al stressed plants caused an improvement in nucleic acid content. BRs application markedly increased the DNA and RNA content in maize plants under salinity stress [34] . The ameliorative influence of BRs on salinity stress induced growth inhibition in rice plants was linked to elevated levels of nucleic acids [35] .
Cajanus plants subjected to Al toxicity exhibited enhanced levels of free proline. Exogenous application of 24-EBL caused further increase in proline content in cajanus plants growing under excess Al levels. To increase plant tolerance to abiotic stresses plants may accumulate compounds of low molecular mass such as proline. Proline may differently affect stress tolerance, increase the activity of many enzymes and stabilize protein integrity. Proline contributes to maintenance of the redox balance, can regulate development, and is a component of metabolic signaling networks controlling mitochondrial functions, stress relief and development [36] . Proline accumulates in response to abiotic stress and scavenge ROS and is considered as important non enzymatic antioxidant [37] [38] . Brassinosteroids enhanced the levels of free proline content in chick pea under cadmium stress [39] . The alleviation of zinc toxicity in radish by BRs was attributed to enhanced free proline content [40] .
Antioxidant Enzyme Activities
Plants have developed a complex antioxidative system to mitigate and repair oxidative damage. The synchronous modulation of enzymatic and non-enzymatic antioxidant defense mechanisms plays a key role in the ROS detoxification [41] [42] . SOD constitutes the first line of defense against ROS in plants and this enzyme catalyzes the dismutation of 2 O − to H 2 O 2 and O 2 [43] . In the present study, a significant increase in SOD activity was observed in Al 3+ stressed cajanus plants, suggesting its role in removing 2 O − . Exogenous application of 24-EBL further enhanced the SOD activity in Al 3+ stressed plants reflecting the enhanced 2 O − scavenging there by blocking 2 O − driven cell damage. The decomposition of 2 O − always accompanied by production of H 2 O 2 which diffuses across the plasma membrane and is toxic as it acts both as an antioxidant as well as reductant [41] . Subsequently further break down of H 2 O 2 to H 2 O and O 2 is achieved by CAT and peroxidases [44] . The results of present investigation showed that, CAT, APX increased but POD decreased in Al stressed cajanus plants. However, supplementation of EBL to Al +3 stressed plants increased the activities of the all enzymes (CAT, POD and APX). The BRs modulated increase in the activities of antioxidative enzymes, such as SOD, POD, CAT and APX, clearly indicating a protective role of EBL against the Al induced oxidative damage.
In Cajanus plants, aluminium toxicity in dose dependent manner increased the accumulation of MDA content implying enhanced membrane peroxidation. EBL feeding reduced the MDA content in all the stress treatments indicating the reduction in lipid peroxidation thus the results clearly demonstrating the counteracting influence of EBL on Al toxicity impact. EBL application resulted in lowered MDA content in Zea mays leaves under Mn toxicity [45] . Similarly homobrassinolide application caused decrease in MDA content in radish challenged with Cr toxicity [46] . The suppression of Chlorella vulgaris growth by heavy metals (Cd and Pb) was restored by reducing MDA accumulation upon exogenous BR supplementation [47] . Exogenous application of 28-homobrassinolide markedly decreased MDA levels in radish seedlings under zinc stress [48] . The decrease in MDA accumulation in EBL treated plants growing under elevated Al levels was found strongly correlated with increased activity of the antioxidant enzymes such as SOD, CAT, POD, APX and production of free proline, a non enzymatic antioxidant indicating the capability of 24-EBL in mitigating the oxidative stress generated due to alumi-nium toxicity.
Conclusion
Foliar application of 24-epibrassinolide markedly negated the impact of aluminium toxicity stress in Cajanus plants. The impact of 24-epibrassinolide particularly was spectacular on root growth. Application of 24-EBL improved the contents of chlorophylls and soluble protein content. EBL application reduced the impact of Al toxicity on membrane peroxidation as evidenced by lowered MDA content. Foliar application of 24-epibrassinolide significantly increased the activities of antioxidative enzymes (CAT, POD, APX and SOD) and proline, (an important non enzymatic antioxidant) in aluminium stressed Cajanus plants. The result of the present investigation clearly demonstrated the ameliorative effect of EBL on Al toxicity imposed growth inhibition.
